The interaction between reactants at catalytic surfaces has been the study of many years,[1](#bib1){ref-type="ref"} and novel techniques are used readily to gain more insight into chemical processes as they happen.[2](#bib2){ref-type="ref"} Surface‐enhanced Raman spectroscopy (SERS) is gaining increasing popularity in this field as a powerful characterization tool.[3](#bib3){ref-type="ref"} Typically, silver or gold nanostructured surfaces are used to enhance Raman spectra of molecules, with a sensitivity that reaches single‐molecule levels.[4](#bib4){ref-type="ref"} This high sensitivity also makes it applicable in, for example, forensic trace detection[5](#bib5){ref-type="ref"} or biomolecular assays.[6](#bib6){ref-type="ref"} As SERS is highly confined to the metal surface, it allows for the selective study of the molecules in close proximity to the surface. This high spatial confinement makes SERS ideal to follow reactions on a catalytic surface. The use of self‐assembled monolayers (SAMs) allows us to create a single reactant layer at this catalytic surface.

Common characterization techniques for SAMs include grazing incidence angle IR spectroscopy, X‐ray photoelectron spectroscopy, scanning tunneling microscopy, and atomic force microscopy.[7](#bib7){ref-type="ref"} SERS gives more localized, molecular information than grazing angle IR spectroscopy, whereas in the future, the combination with atomic force microscopy in tip‐enhanced Raman spectroscopy is expected to go to the extreme of combining both molecular information and nanoscale resolution.[8](#bib8){ref-type="ref"} The few reactions in SAMs reported to date are observed by using atomic force microscopy,[9](#bib9){ref-type="ref"} scanning tunneling microscopy,[10](#bib10){ref-type="ref"} or SERS,[10b](#bib10b){ref-type="ref"}, [11](#bib11){ref-type="ref"} and are nearly all photoreactions, for example, UV‐induced photoisomerizations,[10a](#bib10a){ref-type="ref"} or dimerizations, either within a SAM of the pure reactant,[11b](#bib11b){ref-type="ref"} or in a diluted form.[10b](#bib10b){ref-type="ref"}

A typical heterogeneous catalytic reaction at a surface involves three separate steps, as shown in Figure [1 a](#fig1){ref-type="fig"}, whereas a reaction within a SAM follows 2 D reaction kinetics on the catalyst surface (Figure [1 b](#fig1){ref-type="fig"}). One of the most described reactions in a SAM is the photocatalytic reduction of *p*‐nitrothiophenol (pNTP). A large discussion point is the interpretation of the reaction product SERS spectrum, which could indicate either *p*‐aminothiophenol (pATP)[12](#bib12){ref-type="ref"} or *p*,*p′*‐dimercaptoazobenzene (DMAB)[13](#bib13){ref-type="ref"} (see also Figure [1 c](#fig1){ref-type="fig"}). The challenge in the identification of the reaction product through other characterization techniques is twofold: an extremely low number of molecules are converted during the reaction and these few molecules are chemically bound to the surface. The latest developments indicate that the oxidation of pATP to DMAB is possible through a simultaneous plasmonic activation of oxygen.[14](#bib14){ref-type="ref"} This is further supported by a thorough theoretical study into the reaction pathway.[15](#bib15){ref-type="ref"} Others are still convinced that the reduction product of pNTP is pATP, based on a deviation of the Raman spectrum of neat pATP owing to chemical enhancement.[16](#bib16){ref-type="ref"}

![a) Reaction steps in a typical heterogeneous catalytic reaction from A(g) to B(g) involve adsorption of reactants A onto the catalytic surface, a surface‐reaction yielding a reaction product B, and subsequent desorption of the reaction products into the gas environment. b) A photocatalytic surface reaction is studied. Novel with respect to part a is that only the surface‐reaction is monitored, as a function of irradiation at *λ*=532 nm (5× objective, NA 0.12). c) The reaction under study is the photoreduction of pNTP to either *p*‐aminothiophenol or DMAB. For dilution experiments, thiophenol is used as the 2 D equivalent to a solvent.](CCTC-6-3342-g001){#fig1}

SERS has previously been used to monitor reaction kinetics of various reactions.[17](#bib17){ref-type="ref"} With the right morphology of the SERS substrate, quantitative information can be obtained.[18](#bib18){ref-type="ref"} pNTP especially has been studied for its reduction reaction through, for example, electrochemical,[19](#bib19){ref-type="ref"} chemical,[20](#bib20){ref-type="ref"} or photochemical reduction.[8d](#bib8d){ref-type="ref"}, [16b](#bib16b){ref-type="ref"}, [19h](#bib19h){ref-type="ref"}, [20d](#bib20d){ref-type="ref"}, [21](#bib21){ref-type="ref"} All these reactions take place on the surface of either an electrode or nanoparticles, with possible exchange mechanisms into the solution in which the substrate is immersed. The photocatalytic reaction studied here is unique because the full reaction takes place within the two dimensions of the self‐assembled monolayer. This has previously been examined, but not in detail, let alone with regards to the detailed mechanism of the reaction.

Time‐resolved SERS spectra of the photocatalytic reaction provide the information to investigate these 2 D reaction kinetics. We also show the dilution of the reactant on the surface with a similar but inert thiol. This dilution approach is the 2 D equivalent of a solvent and will provide the ultimate evidence for whether a dimerization process is involved in the reaction mechanism of the photocatalytic reduction of pNTP.

Silver island films are used as the SERS substrate. These are rough on the nanoscale (Figure S1 a) but homogeneous in morphology on the scale of the measurements described here. The SERS enhancement (Figure S1 b) effect over this substrate shows a homogeneous distribution, as does the maximum catalytic conversion of the same area (Figure S1 c). Small deviations between positions owe likely to noise in the spectra. In other words, the SERS intensity of this substrate is highly reproducible. Further precautions include the use of a large focal area, by using a 5× objective \[numerical aperture (NA) 0.12\], and low laser power. This results in a stable signal in time, without the characteristic spectral fluctuations related to single hotspot measurements.

With green laser excitation, pNTP will be reduced if it is adsorbed onto a SERS‐active substrate,[21e](#bib21e){ref-type="ref"} as illustrated in Figure [2 a](#fig2){ref-type="fig"}. All experiments were performed by using a low NA objective, to limit the effect of any local heterogeneities in the catalytic activity. The two characteristic Raman peaks for tracking the reaction are 1335 cm^−1^ (reactant pNTP, asymmetric NO~2~ stretch)[22](#bib22){ref-type="ref"} and 1440 cm^−1^ (product, assigned to pATP as a b~2~ mode[23](#bib23){ref-type="ref"} or to DMAB as a N=N stretch).[13a](#bib13a){ref-type="ref"} Tracking both peak areas as a function of time gives an idea of the surface concentration of both species (Figure [2 b](#fig2){ref-type="fig"}). The concentration of pNTP decays over time, while the product is formed synchronously. The postulated multistep reaction mechanism[24](#bib24){ref-type="ref"} is expected to have a single rate‐determining step. Therefore, we approximate the reaction to have one step and identify the order of reaction of this rate‐limiting step.

![a) Time‐dependent SERS measurements at *λ*=532 nm from a pNTP‐coated silver island film; each horizontal line represents a spectrum (blue--red: low--high signal intensity). b) The first (top) and last (bottom) spectrum of part a. The colored bands depict peak integration area for quantification of pNTP (![](CCTC-6-3342-e001.jpg "equation image")=1293--1373 cm^−1^ and product (![](CCTC-6-3342-e007.jpg "equation image")=1412--1473 cm^−1^) over time. c) Time traces for pNTP (**---**) and product (**---**) taken from the peak areas marked in part b. d) Relative peak area as function of time. Spectra were taken with 5 s integration time at 6×10^3^ W cm^−2^.](CCTC-6-3342-g004){#fig2}

The ratio of product to reactant (Figure [2 c](#fig2){ref-type="fig"}) flattens off at a specific value rather than continuing to infinity. The maximum conversion is dependent on the exact reaction conditions. For example, a much higher conversion is shown in Figure [3](#fig3){ref-type="fig"}. In terms of reaction rate, a factor must be present to set a limit to complete conversion of the full SAM through the forward reaction. Possible contributions are a backward reaction or diffusion processes within the SAM. To test for these contributions to the reaction rate, sample illumination was blocked for significant periods of time. The results of this experiment are shown in Figure [3](#fig3){ref-type="fig"}. It is clear that these dark periods do not have any effect on the peak area of either reactant or product (Figure [3](#fig3){ref-type="fig"}).

![a) SERS peak areas for pNTP and product over time, with intermittent illumination; the Raman excitation laser was blocked from the sample between 500 and 1000 s and 1500 and 2000 s. b) The same data as shown in part a but without the dark periods. Spectra were taken with 5 s integration time at 6×10^3^ W cm^−2^.](CCTC-6-3342-g005){#fig3}

We note that these results indicate that no full conversion is achieved (Figure [2 d](#fig2){ref-type="fig"}) and no significant contributions to the reaction rate are found, other than the forward reaction (Figure [3](#fig3){ref-type="fig"}). Manufacturing variations in the plasmonic nature of the silver substrate will contribute to the total SERS enhancement of a substrate. However, only variations in the catalytic activity of the silver surface can contribute to a variation in the maximum conversion. The most realistic explanation is therefore a contribution to the SERS signal from a photocatalytically inert part of the silver surface. This variation in photocatalytic activity must therefore also be taken into account when describing the reaction rate through the (surface‐enhanced) Raman intensity.

For the surface dynamics, a full surface coverage is assumed at all times during the reaction. As described earlier, we have simplified the reaction to a one‐step reaction and therefore assume only reactant and product molecules to be present at the surface. The derivation of the first and second‐order reaction kinetics can be found in the Supporting Information. In short, the conversion of reactant A to product B is described in terms of the reaction constant *k*. The surface coverage of reactant, here denoted *A*, is described as the total number of surface sites in the measurement area (*N* ~catalytic~+*N* ~inert~) multiplied by the relevant fraction of sites occupied by reactant A (*θ* ~A~). The original surface coverage is set to *θ* ~A,0~. The correction from surface coverage to Raman intensity (*I*) for the measured vibrations is made through Raman cross sections *σ* ~A~ and *σ* ~B~.

For a first‐order reaction, this yields Equation (1) and [(2)](#eqn1){ref-type="disp-formula"}:[(2)](#eqn2){ref-type="disp-formula"}

For the case of a second‐order reaction or dimerization, Equation (3) and (4) describe the second‐order reaction kinetics:[(3)](#eqn3){ref-type="disp-formula"}, [(4)](#eqn4){ref-type="disp-formula"}

Application of Equations (1)--(4) enables a quantitative description of the reaction (see Table [1](#tbl1){ref-type="table-wrap"}). The values presented are representative for similar experiments (see Figure S2), though a distribution in both reaction rates and the fraction of catalytically active sites has been observed. Despite the low magnification objective used for these experiments, this distribution is probably still caused by variations in the SERS activity (e.g., oxidation degree, roughness) of the silver island films. The fraction of catalytically active surface sites *σ* ~A~  *N* ~catalytic~  *θ* ~A,0~/(*σ* ~A~  *N* ~catalytic~  *θ* ~A,0~ *+σ* ~A~  *N* ~inert~  *θ* ~A,0~) is roughly two thirds of the total SERS intensity. This could have a large effect at low laser power density. A high laser power density (see Figure S3) results in full conversion.
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Based on the *R* ^2^ values for the various fits in Table [1](#tbl1){ref-type="table-wrap"}, the reaction rate is better described with second‐order reaction kinetics. In addition, fit residuals (see Figure S2) also show a better fit for second‐order reaction kinetics, especially at the start of the reaction. It is therefore likely that the rate‐limiting step of the reaction is of second order. The reaction constant has an order of magnitude of 1×10^−3^ s^−1^, similar to a previously reported value.[20e](#bib20e){ref-type="ref"} The relative Raman cross section (*σ* ~B~  *N* ~catalytic~  *θ* ~A,0~/*σ* ~A~  *N* ~catalytic~  *θ* ~A,0~) indicates a similar Raman cross section for the reaction product as for the reactant. These results are reproducible under these reaction conditions, as also shown in Figure S4 and Tables S2 and S3.

Besides describing reactions quantitatively, reaction kinetics in combination with SERS can also be employed to examine other relations. In the case of discrimination between first and second‐order reactions, it is insightful to examine the reaction rate of diluted SAMs. In this particular reaction, we have studied a mixed SAM under exactly the same reaction conditions as those described in Figure [2](#fig2){ref-type="fig"}. The vast difference is in the consistency of the SAM: roughly 1 % of the SAM consists of pNTP, the rest is thiophenol, which acts as a 2 D "solvent". The reaction rate of a pure first‐order reaction would be independent of the initial reactant concentration \[Eq. (1)\], whereas a hundredfold dilution is expected to result in a similar decrease in reaction rate \[Eq. (3)\]. This is exactly the case, as shown in Figure [4](#fig4){ref-type="fig"}. The small quantity of pNTP in the SAM still reveals the SERS signal. The reduced intensity of the reactant peak is likely to owe to some degree of degradation or reorganization of the SERS substrate. This can negatively influence the reaction rate if it is of second (or higher) order, resulting in a lower measured reaction rate. In the case of first‐order reaction kinetics, bleaching will not affect the reaction rate.

![a) Time‐dependent SERS measurements (blue--red: low--high signal intensity) of the reaction over time on a sample with a 1 % surface coverage of pNTP. b) The first (top) and last (bottom) spectrum of the time series shown in part a. Spectra were taken at 50 s integration time.](CCTC-6-3342-g003){#fig4}

Here, no product‐formation whatsoever is observed on this timescale, as none of the characteristic product peaks are visible at the end of the measurement, in contrary to the measurements shown in Figure [2](#fig2){ref-type="fig"}. This provides the final proof that the ambient photoreduction of pNTP involves a dimerization step. The formation of DMAB is at least the rate‐limiting step and DMAB a reaction intermediate, if not simply the reaction product.

In conclusion, we have described the photocatalytic reduction of *p*‐nitrothiophenol with a novel 2 D approach in terms of reaction kinetics by means of surface‐enhanced Raman spectroscopy (SERS). By following the characteristic Raman peaks, ![](CCTC-6-3342-e004.jpg "equation image")=1335 cm^−1^ for *p*‐nitrothiophenol and 1440 cm^−1^ for the product, we have shown in two distinctly different ways that this photocatalytic reduction at the very least involves a dimerization reaction. The rate‐limiting reaction of pure self‐assembled monolayers of *p*‐nitrothiophenol of silver SERS substrates was shown to be of the second order and is only influenced by the forward reaction. Complete conversion was held back by a contribution of the SERS signal from a non‐catalytically active SERS surface. The most compelling evidence for a dimerization was obtained through incorporation of an inert thiol into the self‐assembled monolayers of *p*‐nitrothiophenol. Thiophenol was thus used as the 2 D equivalent of a solvent. The reaction rate was slowed down extremely by this dilution effect, up to the point that no reaction was observed under the standard reaction conditions---hence proving that a second‐order reaction was involved.

Chemistry in 2 D space, occurring in a confined space, appears a rather abstract theme. However, it is in fact applicable to any field dealing with interfacial chemistry, for example, cellular membranes, biomedical material interfaces, molecular electronics, and solar fuel generation. Reactions or interactions within these interfaces are all limited to the 2 D space they occupy. Therefore, the developed SERS approach is generally applicable to other instances of surface chemistry.

Experimental Section {#sec1}
====================

Silver island films were prepared by vacuum deposition of 7 nm silver onto glass coverslips. Directly before use, films were annealed for 1 min at 300 °C under argon. The SERS substrates were immediately immersed in fresh 2 m[m]{.smallcaps} ethanolic thiol solutions for 15--18 h. To alter the pNTP (Fluka, technical grade) surface concentration, the ratio between pNTP and thiophenol (Merck, for synthesis) was adjusted to keep the total thiol concentration constant. X‐ray photoelectron spectroscopy measurements indicated no large deviation in thiol ratio once adsorbed onto the silver island film.

SERS spectra were measured through a 5× objective (NA 0.12) at 532 nm excitation with a power density of 6×10^3^ W cm^−2^ by using a Renishaw InVia Raman microscope. The microscope registered the time at which a spectrum recording finished. The preceding measurement time was taken into account when fitting the data.

Data processing was done with Matlab 2013a and the baseline‐corrected peak integration performed by using trapezoidal numerical integration. Normalization of the total SERS intensity was performed on the basis of the total SERS intensity between 1020 and 1625 cm^−1^. A zero‐order Savitzky--Golay filter of 7 pixels was used to smooth the time‐dependent peak areas. The NonlinearModelFitting function in Mathematica 9.0 was used for fitting both the reactant and product smoothed time traces simultaneously. The sum of residuals and squares was calculated separately for both reactant and product, then added, to calculate *R* ^2^.
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